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ABSTRACT: To understand the origin of the left-right symmetry, we study a partial uni- 
fication model based on SU (4)wxU(1)s-z which can be broken down to the minimal 
left-right model either through the Higgs mechanism in four dimensions or through the 
five-dimensional orbifolding gauge symmetry breaking,especially we propose to use the 
rank reducing outer automorphism orbifolding breaking mechanism. We scrutinized all 
these breaking mechanisms and found that for the orbifold breaking in five dimensions, 
the rank-reducing outer automorphism is better than the inner automorphism and can 
make the low energy theory free of the U(1)z anomaly.It is possible for the outer automor- 
phism orbifolding breaking mechanism to be non-anomalous without Chern-Simons terms 
and new localized fermions. For the four-dimensional model with the Higgs mechanism, we 
study in detail both its structure and its typical phenomenology. It turns out that this four- 
dimensional scenario may predict some new phenomenology since the new mirror fermions 
(which are introduced in order to fill the SM fermions into SU(4)w without anomaly) 
are preserved at low energy scale and mix with the SM fermions. We also examine the 
gauge coupling unification in each case, and discuss the possibility for unifying this partial 
unification group with the Pati-Salam group SU(4)pg to realize a grand unification. 
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1. Introduction 


Although the Standard Model (SM) of the electroweak interaction based on the sponta- 
neously broken gauge symmetry SU(2),xU(1)y has been extremely successful in describ- 
ing the phenomena below weak scale, it leaves many theoretical or aesthetical questions 
unanswered, one of which is the origin of parity violation. We want to know the reason 
why the weak interaction apparently violates parity while all other forces conserve parity, 
and whether parity conservation can be achieved at a more fundamental level. On the 
other hand, the discovery of neutrino masses through neutrino oscillation experiments also 
requires an explanation beyond the SM. Both questions can be elegantly addressed in the 
so-called left-right models which restore the left-right symmetry at some high energy scale 
and broken down to the SM at the weak scale. 

Among the left-right models the minimal left-right model based on SU (2)z x SU (2) r x 
U(1)s-z is most popular and has been extensively studied fil. The key assumption in this 
model is that the fundamental weak interaction is invariant under parity symmetry and 
the observed parity violation is the consequence of the spontaneous breaking of parity 
symmetry. Such a hypothesis requires the existence of right-handed neutrinos and thus 
can give massive neutrinos. However, in this model the parity invariance has to be put in 
by hand and there is no ad hoc reason why SU (2)z coupling should be identical to SU(2)r 
coupling. Only in some Grand Unification Theories (GUT) like the $O(10) models |H] can 
the equality of the two SU(2) gauge couplings be naturally guaranteed through the gauge 
coupling unification at a much higher energy scale. 

Of course, from the phenomenological point of view we do not know in prior what 
really happens in high energy region. So the partially unified models like the Pati-Salam 
model based on SU(4)c¢ x SU(2),x SU (2)r [3] are quite interesting in the sense that they 
can provide a bridge between low energy theory and high energy GUT theory. Note that 
in the Pati-Salam partial unification model the parity invariance is also put in by hand. In 
this work we study an alternative model based on SU(4)w x U(1)p_1 x SU(3)c for the 
partial unification of left-right gauge groups. The partially unified models, where SU (2), x 
SU(2)pr is unified into a semi-simple group, can give an explanation for the origin of parity 
symmetry. Note that the SO(4) is not a simple group, the minimal SU(2); x SU(2)r 
unification models are SO(5) and have been studied previously H. In this paper, we 
consider the scenarios where the SU(2); and SU(2)r gauge groups are embedded into 
SU(4)w. And the exact left-right symmetry is naturally realized in the SU (4)w invariant 
Lagrangian. When the gauge groups are one-step further unified into SU (4)w x SU (4) Ps, 
such a partial unification can lead to the typical rank-six simple group unification (for 
example, SO(12) gauge group) at higher energy scales. 

Such a partial unification idea for left-right symmetry was first proposed in five dimen- 
sions |p}, 6]. In our study we focus on SU(4)w x U(1)g-z x SU(3)c and discuss various 
possibilities for symmetry breaking, including the Higgs mechanism in four dimensions and 
orbifolding gauge symmetry breaking in five dimensions fA, Sh p, (LO, 1, [12] especially we 
propose to use rank reducing outer automorphism orbifolding breaking which is not tried 
in the literature. We find that for the orbifold breaking in five dimensions, the outer auto- 


morphism can have the advantage to keep the low energy theory free from the anomalous 
U(1)z.Thus it is possible for the outer automorphism orbifolding breaking mechanism to 
be non-anomalous without Chern-Simons terms and new localized fermions. For the four- 
dimensional model with the Higgs mechanism, new mirror fermions have to be introduced 
in order to fill the SM fermions into SU(4)w without anomaly. These mirror fermions 
are preserved at low energy scale and their mixings with the SM fermions may have rich 
phenomenological consequences. 

The content of this work is organized as follows. In Sec. p, we discuss the SU (4)w left- 
right unification model, focusing on the gauge symmetry breaking mechanisms through the 
five-dimensional orbifold gauge symmetry breaking mechanism,especially we propose to use 
the rank reducing outer automorphism orbifolding breaking in addition to the mostly used 
inner automorphism breaking mechanism;and also we study in detail the Higgs mechanism 
in four dimensions. In Sec. we examine the running and the unification of the gauge 
couplings in each case, and discuss the possibility for unifying this partial unification group 
with the Pati-Salam group SU (4)ps to realize a grand unification In Sec. M, we briefly 
discuss the phenomenology of the four-dimensional theory. Sec. |5| is our conclusion. 


2. SU(4)wXxXU(1)s-z Left-Right Unification Model 


2.1 Basic structure of the model 


In the minimal left-right model based on SU (2) x SU (2)rRXU(1)s-zL, the left-handed and 
right-handed fermions have SU(2)z and SU(2)r gauge interactions, respectively. When 
the two gauge groups are unified into SU(4)w, the matter content has to be embedded into 
some representations of SU(4)w. As the gauge group commutate with the Lorentz group, 
only one type of chiral states (left or right) is allowed in one gauge multiplet (note that 
the matter content is not filled properly in so that the gauge group does not commute 
with Lorentz group). Besides, the baryon number conservation at low energy requires 
the existence of new fermions in the representations in addition to the SM fermions. We 
introduce fundamental (and anti-fundamental) representation of SU(4)w as 
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where ¢5=(¢°);, and the minus sign conforms to our choice of Q* = (Dz, Uz) in SU(2)z 
representations 2 and being related to its conjugate by Qa = (Uz, —Dz) through antisym- 
metric tensor Q? = e® Qy. 


Table 1: Representations of fermion fields under gauge groups SU (3)c, SU (2)z, SU(2)r, U(1)B-L 
and U(L)a. 
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The SU(2);xSU(2)r components in SU(4)w can be seen by decomposing the repre- 
sentation into 


4 = (2,1)@(1,2) . (2.2) 


The representation of each fermion in SU(3)¢xSU(2),xSU(2)rxU(1)B_x is listed in 
Table fl). The electric charge is an additive quantum number and is a linear combination of 
the diagonal generators. From the representation of the fermions we can get the formula 
for the electric charge 


1 
Q = Tt + Tzr + zYB-L ; (2.3) 
The normalization of the generators in the fundamental representation reads 
1 
Tr(T°T*) = ie (2.4) 


We can choose the SU(4)w generators in the form 
1 0 1 
1j -1 1] 0 v2{ 1 
aL = 5 o p BR=5 i , Tz (2.5) 
0 —1 —1 


The U(1)z charge assignment of the fundamental representation can be written as 


w= l (2.6) 


E (2.7) 


So the relation between the gauge coupling U(1)z and SU (4)w is 
V2 


Since the adjoint representation of SU (4)w can be decomposed as 
15 = (3,1) @ (1,3) © (2, 2) @ (2,2) @ (1,1), (2.9) 


we can write the gauge part of the Lagrangian into its gauge components (M,N indicate 


space-time index in arbitrary dimension) 
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In the following we will discuss three different gauge symmetry broken mechanisms: 
the five-dimensional orbifold gauge symmetry breaking mechanism,especially we propose to 
use the rank reducing outer automorphism orbifolding breaking in addition to the mostly 
used inner automorphism breaking mechanism; and also we discuss the symmetry breaking 
via the Higgs mechanism in four dimensions. 


2.2 Five-dimensional inner automorphism orbifold breaking 


Consider the five-dimensional space-time M4xS$!/(Z2 x Z2) comprising of Minkowski space 
Mz, with coordinates x, and the orbifold St/(Z2x Z2) with coordinate y=z5. The orbifold 
S!/(Z_x Z2) is obtained by identification 

P:yx-y, Piy ~y, (2.11) 


where y'=y + 7R/2. There are two inequivalent 3-branes locating at y = 0 and y = tR/2 
which are denoted as O and O’, respectively. The action of discrete groups on the field 
space is specified as 


P( Eps y) p% Polta, =y) , (2.12) 
lu Y DEN Pylat, —y') ’ (2.13) 


where (x,y) denotes a vector comprising of bulk fields, and Py and Py are the matrix 


representation of the two Z operator actions which have eigenvalues +1. In the diagonal 
basis these fields have the KK expansions as 


as 2Qny 
P44 (Lp, Y) = >, AR (£u) cos — > R’ (2.14) 


tilenn) = D y zp Cay) om OY, (2.15) 

dta = S y aja CRED (2.16) 
n=0 

o__(ty,y) = Sy ae (zu) sin C, (2.17) 
n=0 


where n is an integer and the fields ¢ Cn) (a iis Ceti) (£u), gl) (a), o Tpu) respec- 


tively acquire a mass 2n/R, (2n+1)/R, (2n+1)/R and (2n+2)/R upon compactification. 
Only ¢4+(Z,, y) possess a 4-D massless zero mode. It is easy to see that 44 and ¢,— are 


(2n+2) ( 


non-vanishing at y = 0 and $44, ¢_+ are non-vanishing at y = 7R/2. 
We can choose the parity assignment of the fields in terms of the fundamental repre- 
sentation of SU(4)w 


P = diag(+1,+1,+1,+1), P’ =diag(+1,+1,—-1,-1) , (2.18) 


with the transformation law 


P: Viltu,—-y) = PViltuywP , (2.19) 
P: Voie) = =P Ve an WF , (2.20) 
PY Vig y) PV P , (2.21) 
Pi: Vf (æu, y) = —PV3(tyu,y)P’ . (2.22) 


From the assignment of P and P’ we know that the gauge symmetry SU (4)w is broken by 
boundary conditions to SU (2) x SU (2)rXU(1)x on the boundary O’ brane and remains 
in the bulk as well as on the O brane. There are three possibilities for the location of 
matter fields: 


(i) The first possibility is to put matter in the bulk. To get the mass spectrum, we make 


the choice 

P: X(za,—y) = Fed). (2.23) 

L(x, =y) = PY (24,9) , (2.24) 

P: Y(zu,—y) = PY Gay) 5 (2.25) 

N (z4, =y) = PN(@y,) 5 (2.26) 

Pe X(x, =y) =P Rea); (2.27) 

L(xy,—-y’) = PY Gi) i (2.28) 

Pos Vian = -PY Ga) , (2.29) 

Næ -y') = —P'N (em y’) (2.30) 


We denote the matter content of the fundamental and anti-fundamental representa- 
tions of SU(4)w as X4 ~ (Q , Q°), Yaw ~ (Q , Q°), La ~ (L, L°) and Ny ~ (L, L°), 
respectively. The parity assignment of the matter fields are listed in Table B. The 
matter content in the low energy effective theory is same as in the minimal left-right 
model. However, due to the charge assignments for U(1)z, the anomaly does not can- 
cel in this theory. A possible solution for this problem is to introduce Chern-Simmons 
terms which can cancel the anomaly. 


The Yukawa coupling can be included by introducing bulk Higgs fields. From the 
parity assignments of the matter fields, to make the action invariant under parity 


Table 2: Parity assignments for the matter fields. 


(P, P’) | 4-D matter fields 
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transformation, the adjoint Higgs field ©; and the symmetric Higgs field Xə, X3 (in 
10 and 10 respectively) must transform as 


P: Silty) =P Sree we (2.31) 
P 2(£u, —Y) = PX2(£1,Y)P , (2.32) 
P 3(£u, —yY) = PEa (ep, 9)P , (2.33) 
Pes (£m =y) = -P'E (tm yP, (2.34) 
P': Xo(T, ,—y) = P Xo(Tu, WP (2.35) 
Pl: Ys(ay,—-y') = P'Ds(ey,y')P (2.36) 


where 4 gives the bi-doublet Higgs fields appearing in the 4-D minimal left-right 
model while Xə and Ns give the SU(2); and SU(2)r triplet Higgs fields. We can 
introduce in the bulk the mixing between different generations which is different 
from the case of gauge-Higgs unification scenario (because Higgs fields from vector 
supermultiplets can not mix between different generations) 


£0) = yl) XTC (x ae abe 2 ys) LTC ive 


Yiij 19 ia? J 
5) (5 
Dirie (exe Es Ta (NT)! C(Zs)qpNjo, (2.37) 
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where i, j are family indices and a, b are group indices. The decomposition of SU (4)w 
adjoint representation in terms of SU (2),,SU(2)r and U(1)z with parity assignments 
of 4; is given by 


(P, P’) :15(Z1) = (3,1) @ (1,3) © (2,37 o (2,2) 73" @ (1, Dg 
(P, P’) : 10(¥2) = (3,1)9"" @ (1,3)9" 6 (2,2)0" , 
(P, P’):10(Ss) = (3,1)$° @ (1, 3)¢°7 @ (2,20 . (2.38) 


The four-dimensional effective theory can be obtained by integrating out the heavy 
modes which give explicitly the Yukawa coupling (the subscripts of the Higgs fields 
denote the representation in SU (2)z x SU(2)r) 


PEN a OTOLO + D ae 
ij 
+) LP OXY? L; + Tl ATODOL + he. (2.39) 
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The neutrino masses can be generated through type-II see-saw mechanism via the 
Higgs triplets. The extra triplets from the symmetric Higgs fields couple with the 
much heavier mirror fermions which can be integrate out in low energy effective 
theory. 


The second possibility is to locate matter on the O’-brane at y = 7R/2. Since the 
gauge symmetry preserves only for SU(2); x SU(2)r x U(1)z, we need to introduce 
O'-brane Higgs fields including bi-doublets, triplets and gauge singlet to break the 
residue gauge symmetry to the SM gauge group at the O’-brane. Because the U(1)z 
anomalies can not be cancelled with the matter content of the minimal left-right 
model, we must introduce new mirror fermions to cancel the anomaly. Besides, we 
must introduce gauge singlet Higgs field to break the U(1)z. The Yukawa coupling on 
the O’-brane is similar to the minimal left-right model except that we must include 
the mirror fermions. Further, this scenario can realize gauge coupling unification but 
not the unification of matter content and Higgs. 


The third possibility is to put matter fields on the O-brane at y = 0. Because the 
gauge symmetry is preserved on the O brane, we must fit the matter content into 
SU(4)w x U(1)g-z representations in order to give an explanation for unification. 
We can introduce bulk Higgs fields or brane Higgs fields. For bulk Higgs fields, 
we can introduce SU(4)w invariant Yukawa interactions localized on the SU(4)w 
invariant O-brane. Then we must specify the transformation properties of the quark 
and lepton fields under Zə x Z$. The parity P under Z must be plus while the 
parity P’ under Z% can be determined by requiring the operator on (0,7) branes to 
transform covariantly under Z5. That is, due to the identification of (0,7R) brane 
under Z5, we must specify the transformation of the matter fields to ensure that the 
operator on the two branes are correlated by Z4. The assignment of the P’ quantum 
number has four possibilities 


P'(Q, Q, Q, Q’) = e aoe ers (2.40) 
P'(Q,Q:, Q, QS) — Ehmm) (2.41) 
We can introduce as in the bulk fermion case the adjoint Higgs fields X; (x,y) and 
the symmetric Higgs fields No(x,,y) and %3(#,,,y) with opposite P’ parity assign- 


ment. Corresponding to the parity assignment in Eqs. (2.40) and (2.41}), we obtain 
respectively 


P'(X4Yqh1) = +, P'(L4N3¥1) = +, P’(LaLah2) = +, P’(NgNgd3) =+, 
P'(X4Ya¥1) = —, P'(L4N3¥£1) = —, P'(L4L4¥2) = +, P'(LaLa¥2) = +. 


So the Yukawa coupling can be written as 


Ls = ((y) + ôly — TR)) X (yf XT OXY; + yhy LT CU1Nj) 
ij 
+(5(y) + 5(y — 1R)) X (yh, LPCX1L; +y NECEN;), (2-42) 
ij 


where + correspond to Eqs. and E4), respectively. We get the low energy 
effective theory by integrating the y coordinate. The zero modes of the Yukawa 
coupling is same as the minimal left-right model obtained from the bulk fermion 
cases. This scenario also has the U(1)z anomaly in low energy effective theory. 


It is also possible for the SU(4)w representation Higgs to lie on the O-brane. Such 
a possibility is almost identical to the case of the ordinary 4-D unification scenario 
which will be discussed later except that the adjoint Higgs which is used to break the 
gauge symmetry from SU(4)w to SU(2),xSU(2)rxU(1)z is eliminated. 


So we can see that in inner automorphism orbifolding symmetry breaking cases, the 
most economical way to have left-right unification is to introduce bulk fermions and bulk 
Higgs fields. However, such cases have the U(1)z anomalies in the zero modes. 

As mentioned previously,the gauge anomaly will not cancel after orbifold projection. 
The relevant discussions on gauge anomaly cancelation in orbifold was discussed in ref L4 
(15, La, etc. In E4, the U (1) gauge anomaly in five dimensional theories compactified 
on $1/Z with one unit charge bulk fermion was showed to be lived in the orbifold fix 
point. The anomaly has the form: 


Ou IM = 5 OU) + EER- y)) Qan) (2.43) 


with 


2 
g ~ 
Uep y) = Ea Fp lEn Ë wu) (2.44) 


is proportional to the four dimensional chiral anomaly from a charged Dirac fermion in the 


external gauge potential A,,(7,,,y). The current J M is the five dimensional fermion current 


JM =r" (2.45) 


In ref. [l5],the gauge anomaly was shown to be present in orbifold $1/(Z_ x Z2) even 
in the absence of an anomalous spectrum of zero modes.However it was found in [16 
that the theory with a single 5D Dirac fermion without anomalous zero modes is by itself 
non-anomalous. 

In our case, according to the assignments of the fermion parity under the orbifold 
projection(that is,there are fermionic zero modes after projection), the anomalous structure 
for U(1)g-z resemble that of the case in ref. [14] .It can easily be seen that the anomaly in 
4-D effective theory cancels,so we need not worry about the anomaly for U(1)p_r. 

The anomaly structure for orbifold broken gauge groups was first discussed in (17.The 
bulk fermions(contain both fundamental and anti-fundamental representation for SU(4)w 
with flipped parity assignments with respect to P’ ) give rise to the localized gauge anoma- 
lies for all gauge components of the five dimensional vector current!: 


(Du J™”) (zuy) = 8(y) [Q (4) + O°(X)] (2.46) 


‘In fact in our case,Q? (A) and QŻ(A) vanish. 


(Du I™)'(tp,y) = 5(y) [Q'(A) + (X) 

(Dur IM)? (ay,y) = 5(y) [QF (A) + Q2(A)] + 6(y)O7(X) 

(Du J™)*(ay,y) = 6(y)Q*(X) 
here the superscript a, i represent the two unbroken non-abelian gauge groups SU (2); and 
SU(2)r generators; the superscript B represent the unbroken abelian gauge group U(1)z 


from the diagonal SU (4)w; the superscript â denote the broken generators for the previous 
SU(4)w.Q™ is again the four dimensional gauge anomaly relate to the anomaly via: 


1 ; 
Aera a a ad 


el 


1 2 
= Fe DEEP eee (2.47) 
N,L 


here N, L run through all the SU(4)w generation indices and DMNŁ denotes the sym- 
metrized trace. 

To cancel the local anomaly,we need to place localized fermions in the y = zR brane 
so as that the total anomaly can be canceled by Chern-Simons term.That is, we introduce 
localized fermions in SU (3)e x SU (2) x SU(2)r x U(1)z representation: 


(3, 2, 1)-1, (3, 1, 2)41, (1, 2, 1)-1, (1, 1, 2)41 


on the y = zR brane. 
So the bulk anomaly changed into the form: 


Dupy) = L) + l) - 30- | a (2.48) 
(Du IY epy) = 8X) + fat - 8w- T| "cay 


(DurI™)B S o) -ay *) [QB (A) + Q8(A)) + 6(y)Q8(X) 


(Du I™)* (ayy) = Sly) (X) 
We can introduce the Chern-Simons term to cancel the gauge anomaly. We introduce 
the deformed Chern-Simons 5-form Q5 [AMTM] in the action: 


soil Be 3i 
Los = ~zquly)Tr (Adada +5A°dA+ 2A ) (2.49) 


with u(y) a parity odd function. Under gauge transformation 6A = dw + [A,w], from the 
variation of the Lagrangian we get the five dimensional covariant gauge current: 


O=(a,i,B 1 TR 7 
P,Q=(a,i,B) 
1 V 
— 9,75) OE oer a ae (2.50) 
P,Q=(a) 
M\O=4a _ 1 OPQ FP pQuy 
(DuJ¥) = =o) Jo DORP EE (2.51) 


P=â,Q=(a,i,B) 


— 10- 


So we can see that the Cherm-Simons contributions cancel exactly the gauge anomalies. 

In general, the U(1)z is anomalous in four dimension. We must introduce the localized 
brane fermions and Chern-Simons term to eliminate the gauge anomaly. So we want to 
seek new ways in orbifolding breaking to eliminate the anomalous U(1)z. 


2.3 Five-dimensional outer automorphism orbifold breaking 


It is well known that inner automorphism orbifolding breaking with Z, action can not 
reduce the rank of the gauge groups.So we seek to use outer automorphism orbifolding 
breaking mechanism p, E] to eliminate the rank of the group. Outer automorphisms are 
structure constant preserving linear transformations of generators which cannot be written 
as group conjugations.As an example, complex conjugation which preserve the structure 
constant can not be written as a conjugation by group elements.Such type of orbifolding 
procedure in general reduce the rank of the group. 

We proposed that the left-right unification model can be broken to the minimal left- 
right model by the rank-reducing outer automorphism orbifolding breaking mechanism 
through the breaking pattern SU(4) — SO(4). We know that SO(4) ~ SU(2) x SU(2) 
where we can identify the two SU(2) as SU(2)z and SU(2)r. In this way, we eliminate 
the anomalous U(1)z appeared in the inner automorphism orbifolding breaking. So the 
symmetry breaking pattern reads 


SU(4)wxU(1)B_-4 = SO(4)xU(1)s-L ~ SU (2) x SU (2)RXU(1)B-L ‘ (2.52) 


In this case we also consider the five-dimensional spacetime M4x$'/(Z2x Z2). As in the 
inner automorphism case, there are two inequivalent 3-branes O and O’ corresponding to 
y = 0 and y = 7R/2, respectively. The SU(4)w gauge theory is defined on the orbifold 
St/(Z2x Z2) with 


TA, (Sy, —Y 
T° AS (£u, =Y 
TAG (Ep y" 
T° A5 (£u, =y" 


~ = (T°) ApEn Y) » 

~ (T*)" A5 (£u,Y) , 

~ PUPP Al ust ) , 
~ —P'(T°)P' AS (£p, y") . 


a a, ae a Ë 


We give positive (negative) parity to gauge fields corresponding to the imaginary antisym- 
metric (real symmetric) generators of SU(4). With such an assignment the SO(4) gauge 
fields have positive parity while other gauge fields have negative parity. We can choose the 
parity assignment in terms of the fundamental representation of SU(4)w for P’: 


P' = diag(+1, +1, +1, +1) . (2.57) 


So we know that the gauge symmetry is preserved on O’ brane while is broken on the O 
brane to SO(4)~SU (2), x SU(2)r. The Z2 assignment for the matter content in the bulk 
is defined as 


W( Lp, —y) = ARW (Ly; Y) , (2.58) 


— 11- 


with AR = Ab = Ne: being a matrix acting on the representation indices of ~. As for the 
fermions in the representation R of the group G, the requirement for the fermion-gauge 
boson coupling to be invariant under orbifold action implies that Ap should satisfy the 
condition 


ARTAR = ABT® . (2.59) 


For such a complex conjugate outer automorphism breaking, the former requirements have 
the form 


ABT ApS (TR) . (2.60) 


Such an identity requires the representation to be real. As we can always choose R =r @7 
where r is a non-real representation with generators 


A 
TR = (i hs, (2.61) 


we can choose the form of AR that satisfies the former requirements 


AR= i a ; (2.62) 


We know that the representation of the matter content require a r7 symmetry to guar- 
antee the action to be invariant under orbifolding. So we see that the original bulk theory 
must be vector-like (with respect to the group we wish to act on by outer automorphism). 
We do not specify the way for the matter to fill the 4 and 4 now and just assume them 
to be 4 ~ (Mj), 4 ~ (Ri) and 4 ~ (N;) 4 ~ (T;) (i = 0,1,2,3). The matter content in 
original 4 @ 4 of SU(4)w transforms in 4 @ 4 in SO(4). The parity of the states are 


0 13 
À = f 2. 
494 e L. (2.63) 


After diagonalization, we obtain the eigenvalues +1 with 4 even states and 4 odd states, 


respectively. The corresponding eigenvectors are (e;,+e;) with e; being a unit vector in 
ith direction. We get the parity assignment in terms of the combination (similar results 
for lepton sector) 


ea Aen e 


Then we can see that the combination M;— N; has negative parity and is projected out. The 
zero mode of the combination M; + N; is a SO(4) vector which survives the projection. We 
use the method similar to the Lorentz group to determine the two SU (2) transformations 
of the fermions. We denote M; + N; as a SO(4) vector and multiply the sigma matrix c; 
to get the two SU (2) indices a, ĝ: 


= (2.65) 


i Mo + M3 + No + N3 My, —iM2 + Nı — iN2 
(M +N); ; = l ; 
Mı +iMə + Nı +iN2 Mo + M3 — No — N3 
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These two indices transform as two SU(2), respectively. We denote them as 


arnoia (| @(us do); . (2.66) 


In this way we identify the zero-mode fermions as the matter content in the minimal left- 
right model. This identification of the matter content is different from the case in the inner 
automorphism breaking mechanism. 

The Yukawa couplings are introduced in the bulk with the bulk Higgs fields in the 
adjoint and symmetric 10-dimensional representation of the SU(4)w. The parity for the 
adjoint Higgs has a relative minus sign with respect to the gauge fields 


(TJE (xp, =y) ~ = (T'Y X (ay, y) - (2.67) 
The decomposition of the adjoint Higgs with respect to the two SU (2) is given by 
(P,P): 15(51) = (3,1) * @ (1,3)™t 2,2)" 62,2)" @ (1, 1)™+t . (2.68) 
In this case, an extra singlet Higgs field is preserved after projection. It can be used to 
break the left-right parity E9, in the remaining left-right model. 
Similar to the parity assignment of the bulk fermions, the parity of the symmetric 


Higgs fields are also non-diagonal. We must include both 10 and 10 Higgs fields denoted 
respectively as Mo(#,,,y) and X3(£,, y) 


(2) (£u, =y) = @ r a (Tp,Y) - (2.69) 


The non-diagonal matrix has eigenvalues +1 with 10 positive and 10 negative ones. After 


projection, only one SO(4) 10-dimensional Higgs field A is kept. The symmetric 10- 
dimensional representation for SO(4) can be decomposed in term of SU(2); x SU(2)p 
as 


(P, P’) : A(10) = (3,1) @ (1,3) ẹ (2, 2) . (2.70) 
The invariant Yukawa couplings in five dimensions must be symmetric under ref and is 
given by 
3 
Ls = X (yrig MP CEN; + yzi RP CEIT} + ysy TF CL2T; + ysi R? CUsRy) . (2.71) 
i, j=1 
The invariance under P transformation requires the Yukawa coupling of the 10-dimensional 
Higgs to be identical. The low energy effective theory (with zero mode of Higgs and fermion 
KK modes) of the Yukawa coupling part is similar to the inner automorphism breaking 
scenario except that there is an additional contribution of bi-doublet coupling from the 
symmetric Higgs fields given by 


L8 = 2 v0 Os, Q; + 2 i On oi + `> yuQ? CSQ; aS `> yaiz L CSLS 
ij ij 


+ 3 LTCS L; + Se HE OSG D T ie, (2.72) 
i,j 
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When we introduce the fermions on the O’ brane and the Higgs fields in the bulk, we need 
to specify the transformation law for the fermions to get SU(4)w invariant interactions. 
The transformation of fermions under parity P is non-trivial and we cannot assign diagonal 
parity matrix for the fermions as in the inner automorphism case. The parity assignment 
for the fermions is similar as for the bulk fermions. The parity for the fermions (same for 
the lepton sector) is given by 


Mi; TR 0 1 Mi TR 
ea (Tu) ae 2 a i) (Eu z? i 8) 


So the Yukawa coupling with the adjoint and symmetric Higgs fields reads 


Ls = (5(y — 1R/2) + 6(y + TR/2)) X (yi Mz CDN; + yhy Ri CET) 
UJ 
+(6(y — tR/2) + ôly + TR/2)) X (yl; RTOE2R; + yf, TT CEsT)) . (2.74) 
UJ 

Here the parity of the bulk Higgs is identical to the previous bulk fermions.The Yukawa 
couplings to give the Majorana masses for the neutrinos are the same for left and right 
parts because of the previous reflection type transformation requirement. The low energy 
effective theory with zero mode of the Higgs fields is same as in the bulk cases. 

We can also locate the fermions on the brane O. The gauge symmetry is preserved 
to be SU(2); x SU(2)pr on this brane. In this case, the spectrum can be similar to the 
minimal left-right model but with the virtue of gauge symmetry unification. It avoids the 
problem of heavy-light Higgs splitting but does not have fermion and Higgs unification. 

The anomaly cancelation in outer automorphism orbifold broken case is different to 
the case of inner automorphism broken. The U(1)z appears in previous section is no longer 
present in the four dimensional low energy effective theory. 

The advantage of outer automorphism orbifold broken is most obvious in S/Z orb- 
ifolding case(or similar case for P = P’ = (+,+,—,—) in $1/(Z_ x Z2) orbifolding ). In 
this case,no localized anomalies related to broken generators of SU(4)w appear in the 5D 
vector current.At the same time, because of the eliminated U(1)z,the four dimensional 
anomalies related to SU(2); and SU(2)r vanish.Thus the theory is non-anomalous. We 
can see that the employment of the rank-reducing outer automorphism orbifolding symme- 
try breaking mechanism can eliminate the anomalous U(1)z, and thus the theory is free 
from the Chern-Simons terms and new localized fermions. 

In most general case (P # P’) of St/(Z2 x Z2) orbifolding with outer automorphism 
broken mechanism, the localized anomaly in general can not be eliminated automatically. 
The form of the anomaly in our case can be written: 


(Dur J™) (2p y) = Sly) [2%(X) + O(A) (2.75) 
(Du I™)'(au,y) = ly) [2 (X) + O'(A)] 
(Du IM) (xp y) = 6(y) [QF A) + 28(A)] + P) 

*(ey.y) = Hy) 
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here B denote the broken U(1)z generator.The cancelation of the anomaly is identical to 
that of the inner automorphism orbifolding mechanism. 

We can see that due to the elimination of the extra U(1)z, it is possible for the outer 
automorphism broken case to be non-anomalous without the introduction of Chern-Simons 


term and localized fermions. 


2.4 Symmetry breaking in four dimensions via Higgs mechanism 


In this section we discuss our model in four dimensions with the Higgs mechanism for 
symmetry breaking. This framework provides the most direct extension of the left-right 
model and does not have the arbitrariness which appears in the orbifold projection in five 
dimensions. 

The matter content is shown in Sec. 2.1. The gauge symmetry breaking is through the 
Higgs mechanism. We introduce 15-dimensional adjoint representation Higgs fields X, ® 
with vanishing U(1)s-z charge, 10-dimensional symmetric Higgs field A with U(1)p_1 
charge 2 and gauge singlet S. The Higgs potential is given by 


V(e!, Or Akb S) = Vs + Vo + Va + Vg + Voross ) (2.76) 
where 

V(d) = —m?Tr(d?) + A [Tr(d?)]? + Tr (£), (2.77) 
V(®) = —m2Tr(?) + A3[Tr(®?)]? + AuTr (6%) , (2.78) 
V(A) = —m3Tr(AtA) + As[Tr(ATA)]? + AsTr(ATAATA) , (2.79) 
V(S) = -m (S S) + A7(STS)? , (2.80) 
Veross = X1(ATA)Tr (D2) + y2(ATA)Tr(?) + y3(S'S)Tr(Zd) 

+y4(S1S)Tr(®8) + y5(STS)(ATA) + yeTr(h287) + y7(PUGD) . (2.81) 


Here we impose a discrete symmetry as P> — ® to eliminate various cubic terms of Higgs 
fields. The charge assignment for the adjoint Higgs ®, © and the symmetric tensor Higgs 
field A reads 


0101 0 —1 0 -1 
—10-10 —1 —2 -1 -2 
®) = A)= 2.82 
a=] ooo} CM=|o a0 (2.82) 
—1 0—1 0 =] -2 =1 -2 


The first step of symmetry breaking from SU(4)w x U(1)s-; — SU(2)z x SU(2)R x 
U(1)s-L x U(1)z is accomplished by the Higgs field ®. We can find values of non-zero 
< ® > from minimizing the Higgs potential pif. The minimum of the potential Ve can be 
written as 


1 
<@>=v ; (2.83) 
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with 


We can parameterize ® as 


< © >J= yið. 
The kinetic term for the adjoint Higgs fields ® reads 
D,® = 0, + ig4(A,® — ®A,) = 3 P + igg(T°S — T*) Al. 
After symmetry breaking, the mass term of gauge bosons reads 


[Au < ® >] = (Ay)i < ® >f — < © >] (Ap)f = (Ap)ë (ur — yi), 


GT r{[Ap, < © >JA", < 8 >]} = 97 Df (An iP (AMS (i — y). 
ij 


The gauge fields components are identified as 


(Ay)! + BZ JIAH 


R 
R ( 
a= h ioe Cabe) 
Xt yr 
w Fs 
É Xa Ya 
where (A„)zis in the SU (2)z adjoint representations (3,1), (A „)r is in the SU (2)r adjoint 
representation (1,3), and (A„)” is the bi-doublet of SU (2); fundamental representation 
and SU(2)p anti-fundamental representation (2, 2). 
As (®) preserves SU (2), xSU(2)rxU(1)z, the massive gauge bosons have the mass 


Mk = Mọ = gh? 


(2.84) 


(2.85) 


(2.86) 


(2.90) 


(2.91) 
(2.92) 


(2.93) 


(2.94) 


After the first step of symmetry breaking, we can integrate out the heavy Higgs modes to 


induce symmetry breaking in the second step 
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(2.95) 


It can be easily seen that the gauge groups SU(2)r, U(1)s-z and U(1)z are broken by 
such vevs. The kinetic terms for the adjoint and symmetric Higgs fields £, A read 


fy = Tr CA] +Tr [(D, A (D"A) l (2.96) 
where 

D,& = 0,5 + igalAy, X], (2.97) 

DA = 3 A — ig4A A — igs Ay, + iSVxox AXA, (2.98) 


Now we get the contributions to the gauge boson masses given by 


gaAy(A) + ga(A) Ay — gx Ax (A) = 


00 0 0 

1] 00 0 0 (2.99) 
00 2ga[(We)® — —~ 2B7 hus — 2gx Ax vg vV2ga(W \Ry f 
00 Vga (W z Pug 0 


Here we neglected the terms relevant to X or Y gauge fields since at low energy we can 
integrate out them by the equation of motion and get suppression by order (v;/v)? which 
is very small. The mass terms for the gauge bosons are given by 


1 V2 J 
L= F faao” = “5 Bil gis — 4gxgavg(2A%)[(We)® = Bi 


+493(W,,)* (Wt) Pug + gk vg(2Ax)?} . (2.100) 
We know from the combination 
4@4°=1561, (2.101) 


that the fermions can acquire masses through couplings to SU(4)w adjoint and singlet 
Higgs fields. We can introduce SU (4)w singlet Higgs field S with vanishing B — L charge 
to give fermion masses. We can express the vevs of S' as 


(S) = ; (2.102) 


Now we can construct the SU(4)w invariant Yukawa couplings. The Yukawa couplings 


including mixing between generations can be written as ? 


Lyukawal = y u ern CE (X) T `> ya EnO (Lt) 


ab ab 
+) yf V)EC(XL)S + Syl (ELOLA S + hc. (2.103) 
ab ab 


?Note that in principle the Higgs field © can also couple to the fermions which can give extremely large 
masses for fermions and result in almost vector fermions. We can forbid such couplings by introducing 
discrete symmetry so as that ® and X have opposite parity 


={7s 


The fermions acquire masses after X develops vevs of the form (the imaginary part in the 


vev can be absent to avoid spontaneously CP broken): 


U5 Vy — 12 0 
os a | aaa ee (2.104) 
Vy + w2 0 —U5 0 
0 v3 + tv4 0 — V6 


The vev of X breaks the symmetry completely into U(1)g. The corresponding masses for 
various gauge bosons can be obtained from such vevs. From (X) in the above equation and 
A,, in the form of 


WIB ANT vax a 
aih WOS -Wot + PBZ VERE a e Te 
KT AR V3% (WR FB; VZW? 
VY- VIX, vawe (Wo)? - Bp2 


we can obatin A (©) — ()A,. Then we get the mass terms for the gauge bosons: 


AL = 193 { (v2 +03 + 02 + 03) ((W2)EP + [(W2)RP2) 


2 
t [ut + vg + 03 + vi + (vs — v6)7] (W (Wer)? + (Wowo) 
—2 (2(v1 + ive)(v3 — iva) (WF) (Wp) + h.c.) 
a(o? + of +08 + of) (aca - savwa") 
4(v] + v3 — v3 — og) (Wg) — (wF Bz Fe (2.106) 


So we get the Wr, — Wr mixing matrix: 


2 


gilo? +o +0 +02 + (vs u)?] -298C — iva)(us + iva) ER 
—2g3(v1 + ive)(v3 — iv4) galu? + v3 +o? +u + (vs — v6)? +2] J ` ' 


The mass eigenstates for the gauge bosons are 
W, =Wrcos¢+Wrsing , Wz = -Wz sin C + Wp cos Ç, (2.108) 
with masses given by 


Alu? + v3) (ve + v? 
My, = gn eats) + go? + vs + vs + v2 + (vs — v6)°] , (2.109) 
S 


My, = 9108 , (2.110) 
and the mixing angle Ç given by 


EEEE eee 
tan 2¢ = PUE E (2.111) 
5 
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The mixings between the neutral components (We J4; (wey, 2 BZ j Ax ) are given by 


3V? 594 a gi V? 0 
-4ga V? 3ga V? + 9405 —93 (VF + va) —g94g9x V (2.112) 
gV? —g3(V? +03) 293V? + 9303 gagxvg |’ l 
0 —gagx Ve g4gx v% Ive 


with the constants y? = v? + us + v? + vy and v2 = v? + vs — v? — v2. It can be seen from 


the mass matrix that the determinant vanishes, which indicate the existence of massless 
gauge boson corresponding to the photon. The eigenvector corresponding to the photon 
can be written as 


Amg (=) avj {wp + (W0)®] + ax l (2.113) 


Using the expression sin? 0u = g% /(295 + 97) we know that 


Ay, = sin fu [(We)” + (WP)F] + V/cos 20u AX . (2.114) 


The eigenvectors and eigenvalues for other neutral gauge bosons are rather complicated, 
which can be obtained numerically. We parameterize the general mixing between neutral 
gauge bosons by a unitary matrix K;; and the mass eigenstates are obtained by the rotation 


Ay sin), sind, 0 /cos 26,, (WP)t 

Za |_| Ka Koo K3 Ka (Wir 2115 
ONE a Ko Ka ie Apl e118) 
7 31 32 K33 34 5 By 

z% Kı Kae Ka Ku Ax 


From the VEV of the © field, we can get the mass term for fermions: 


L= X {yas (Ur) C (v — ive)U Eg + (Dx)p C(v3 — tvs) Dig 
ab 


+(uS)P Cur + ive)ure + (d$ )TC (v3 + iva)d zp] 
+yav (Nx) 5 Clr — v2) NEq + (Ex)5 Cus — iva) Efe 
+o) TCO + iv2)VLb + (e$) T C(v3 + iva)ero] 


+Y ab [UiqCrsure = Di aCvedro a (ug) Cus (Ur), T (d$) Cvs (De), | 

+2) L NiaCvsv ie F Ef Cuser —(v fae Cus (NE), py (e$)? Cvs (Er), 

+Yav [Ua C routs — Di gCrodrs + (ug) a Cvo(UE)s — (dy)Z Cv (DÈ )e] 

+Yav [Nla C voveo — EL aCvoers + (vi )a Cuol NE) — (ef) Cuol EF )o]} . (2-116) 


In principle, the flavor mixing can be obtained through the diagonalization of the 6 x 6 
mass matrix. However, we know from the Yukawa interaction in the Lagrangian that the 
flavor structure can be decomposed as the direct product of the mixings between different 
generations and the mixings within each generation. 

We first analyze the mixings within each generation. There are mixing between the 
standard model fermions and the mirror fermions. We can get the mass matrix for fermions 
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before mixing in different generations 


1 : 3 egy 
(uf )a Ura) Cie ps aaa ( a (2.117) 


Yepvo t+ Yans Ylvi — tv2) } \ (Uf) 
1 . 3 1 
Yao Uz + 24) —YanVo0 + YapV6 drp 
((d}i)a Dra) al i ) e Si ; l (2.118) 
Yab VO — Yab V6 Yab (U3 = iva) (D$ )o 
The gauge eigenstates can be diagonalized into mass eigenstates by bi-unitary transforma- 
tions up to arbitrary phases 


UMV =Ma, (2.119) 


with M denoting the mass matrix in Eqs.(2.117) and (2.118). The mixing angles in U and 
V can be determined, e.g., for the mass matrix in Eq.(2.117), the two mixing angles are 
given by 
[22 [22 
faa tide Ve. (2.120) 
U5 U5 

Similar results can be obtained for the down type quarks. From the expressions we can 
see that the mixing angle is independent of vg. The rotation matrices between gauge 
eigenstates and mass eigenstates before CKM mixing are denoted by U for (uza, Ufa), V 
for (ufa, ULa), P for (dra, DẸa) and Q for (dfa, Dia). So we get the couplings between one- 


generation fermions and the SU(2); and SU(2)pr gauge bosons, which in the interaction 
states are given by 


L = H (ard Wi, - Oy" DEWR, — Dry" DW, + UAWR) the, (2.121) 
and in the mass eigenstates are given by 
L= z {wi cos — Wo, sin C) [Un (Plana: + Phyizy"Di) 
+Um (PhŪgy"dr + PhŪE DE) + Vio (Qh agyag 
+Qlaț a" Dr) + V22 (Qh Tira; T QhUr7y"D1)| 
+(Wi, sin Ç — Wz, cos Ç) [te (Phanyd. + Phiti"Di) 
+U 22 (PL Oia d + P} Ugy DE) + Vi (Qalaya; 
+Qlzaţ Dr) + Var (Qh Oya; + QlaUr y" Dr )| } . (2.122) 


Here it can be seen that there are additional mixing coefficients besides CKM mixing 
matrix between different generations. It is a unique feature of this model in contrast to the 
minimal left-right model. To be consistent with various experiments, we require the mixing 
angle is small which indicates that v1, vV2&Kv5 and v3, avg. The neutral currents are also 
interesting due to the mixing between the SM fermions and the new mirror fermions. 

For vector type couplings, the couplings of the mass eigenstates take the same form as 
the interaction states due to the unitarity of the mixing matrix, which are given by 


2 = = = 
LNO = 3° [UL Yuu Ap T UF Yu UF Apn = UL YULA, = us Yuu Ap] ‘ (2.123) 
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For the chiral couplings, due to the different mixing between We, and Why the couplings 
are different for the mass eigenstate and the interaction states, which in the interaction 
states are given by 


chira. g4 = Te c c Cc F 
gohiral _ > [ir ywurWp,, + UEyUEWR, + ug Yuu WRu + ULyULWe,] , (2.124) 


and in the mass eigenstates are given by 


LJE = = [UnU trur + UaU Of yur + Un Uhar Ug 


+U Ui Uey U + Vio Vi ag ug, + a 


+V Vha YUL + V22 Vb ÜL Yu UL KÌ; ZÍ + an (2.125) 


From K te = K. H = sin y we see that the couplings of the photon can be obtained correctly. 
From the Lagrangian we can see that the flavor-changing neutral current (FCNC) is non- 
vanishing. 

To simplify the discussion on the fermion masses and mixings, we take two special 
limits to illustrate the results: 


(1) vo = vs = ve = 0: In this case, the standard model fermions have degenerate masses 
with the new mirror fermions and the mass matrix is diagonal which corresponds to 
no mixing between the fermions. The degenerate mass parameter is generic in grand 
unification models. We know that such tree-level relations are hold at the unification 
scale. We may anticipate that the degeneracy of fermion masses is spoiled by the 
renormalization group running. From the renormalization group equation of the mass 
parameter (with only contributions from the gauge parts taken into account) 


dl 
A a = tns bi, (2.126) 
where 
b= -Š SET) jp, (2.127) 
a 
with T° being the representation matrices appropriate for the fermions 3, we can get 


the relation 


A> Shao Nee 
=I (Sua) | ee 


Here b; is the beta function for the gauge coupling. We know that the SU(2) gauge 
bosons do not contribute to the fermion mass because the right-handed (left-handed) 
fermions are gauge singlet under SU(2); (SU(2)r). Then the mass degeneracy of 
u, U® is not spoiled even when the RG running is taken into account. So this scenario 
is not acceptable to describe our world. 


3For SU(N) with N>2 we have \(T°T") jx = Yt syr; while for U(1)y, (T°)? = e (¥)? 


a 
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(2) vy = v2 = v3 = v4 = 0: In this case, the standard model fermions acquire different 


masses in contrast to new mirror fermions. The mass matrix in the fermion mass 
term (uz, U¢)M(u¢, Uz)? is given by 


M= 0 Y3vo = Yes \ (2.129) 
y3vo0 + Y1U5 0 


which is diagonalized by the rotations (uz, U$)!” — U(uz,U¢)T and (u¢,UL)? —> 
V (u$, UL)! with U and V given by 


v-( 2 v= D: (2.130) 
0 1 1 0 


Then we can get mass eigenstates with masses 


mī = (y3vo — yds)”, m3 = (ysvo + ys)”. (2.131) 
However, in this case the mass eigenstates of the fermions are of vector type (for 
example, the SU (2)z is vector-like) instead of chiral type and thus it cannot explain 
our world with chiral fermions. 


Going beyond these special limits, the most general parameters can give non-degeneracy 
masses for the standard model fermions and the new mirror fermions while at the same 
time the theory is of chiral type. 

Our previous discussions on the flavor structure concentrate mainly on the mixing 
within each generation. As mentioned earlier, the flavor structure can be decomposed as 
the direct product of the mixings between different generations and the mixings within 
each generations. The low energy CKM mixing can be obtained by diagonalize the mass 
matrix M, and Me. We can see from equation (B.117) that the presence of the VEV of 
the singlet Higgs S is necessary. Otherwise, if vp = 0, there will be no CKM type mixing 
in the charged currents. Note that from the coupling of the fermions with charged gauge 
bosons we see that the low energy CKM matrix is not unitary. 

An interesting possibility occurs when the standard model fermions are massless at 
tree level. The standard model fermions can obtain masses through loops involving heavy 
mirror fermions and Higgs fields etc. Therefore, we anticipate that the standard model 
fermions acquire much smaller masses than heavy mirror fermions. The Yukawa couplings 
can also induce the quark mixings and CP violation between different generations. The 
spontaneous breaking of the symmetric tensor Higgs field A in representation (10,2) of 
SU(4)wxU(1)p_z can also give Majorana mass terms for right-handed neutrinos. The 
additional new SU (4)wxU(1)g-z invariant Yukawa coupling terms are given by 


LY ukawa = iD ys (NATOA (Ny); + h.c.. (2.132) 
f 


The VEV of A gives Majorana mass terms for the right-handed neutrinos. So we can 
get light Majorona neutrino masses after diagonalizing the mass matrix. In case of the 
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tree-level massless standard model fermions, it is natural that the loop-induced Dirac mass 
of the neutrinos is of the same order as me. We can estimate that 


2 2 
( ’ mo) => yw Da eG eV , 
mD MN MN MN 
=> my = yl vs~O(1) TeV. (2.133) 


We know that the VEV of A also breaks the SU(2)r symmetry. From the Majorana mass 
scale, we can get that the typical mass scale of the SU(2)r gauge boson My, to be higher 
than several TeV. In general cases, the mass for My, can be much heavier. 

It is well known that in Pati-Salam model leptons can be seen as the fourth color 
so that U(1)s-z and SU(3)c can be unified into SU (4)ps gauge group. Depending on 
the different symmetry breaking scales, the gauge symmetry breaking patterns have the 
following possibilities: 


(a) One possibility is 


SU(4)psxSU(4)w > SU(3)cxU(1)p_-LxSU(4)w 
— SU(3)¢cxU(1)p_L_xSU(2),xSU(2)rxU(1)z 
— SU(3)cxU (1g . 


This symmetry breaking pattern is just what we have discussed. 
(b) The other possibility is 


SU(4)psxSU(4)w — SU(4)psxSU(2),xSU(2)rxU(1)z 
— SU(3)¢xU(1)p_LxSU(2),xSU(2)rxU(1)z 
— SU(3)cxU(1)g . 


This case is interesting because the intermediate steps contain the Pati-Salam model. 
It can induce new type of unification besides SO(10). Also the representation of the 
matter fields can be economically written as X,Y in representations (4,4) and (4, 4*) 
of SU (4)ps x SU (4)w respectively because the leptons can be regarded as the fourth 
color of quarks. In the Pati-Salam model the gauge coupling g2 = gor is fixed by a 
discrete symmetry which otherwise holds only in the unification scale when the gauge 
groups fit into SO(10). In our SU (4)wxU(1)s-z unification theory, such identical 
gauge strength is the consequence of the relatively low energy gauge unification. 


Our model is anomaly free. We can check that different kinds of triangle anomalies cancel: 


e For SU(4)w — SU (4)w — SU(4)w we have 


Tr(Ta{Th,Te}) = 5A(R)dare (2.134) 
A(4) + A(4*) = 0, (2.135) 
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where dabe is the totally symmetric tensor in the anticommutators of fundamental 
representation 


{ra; Av} = Qdaverc - (2.136) 
e For U(1)p_1t — SU (4)w — SU(4)w we have 


ye. Yee = 0: (2.137) 


fermion 
e For U(1)p_1z — U(1)s-r — U(1)B_1 we have 


SS Vee =: (2.138) 


fermion 


If we assume further unification of SU(4) pg x SU (4)w at scale My, we can give prediction 
for sin? 0,,. From the normalization conditions we know that 


3 
93-L = 59 (2.139) 


holds at the SU (4)ps unification scale. Then we can predict 


g7 3 
sin? bu = = 4_ =, (2.140) 

gL t 29B- 8 
which holds at u = My. It is interesting to note that this value is same as the SU (5) 
unification prediction. The prediction of sin? 6, at weak scale depends on the symmetry 


breaking chains. We know that the running of the gauge couplings is 


A 2 
SOP 7 PS ~ ae ee 
where 
11 4 nf Th 1 
bi = ~(C2(G) - 3 Cl) gee (2.142) 


with np being the number of fermion flavors, np being the number of complex scalar fields, 
and C2(G) = N being the quadratic Casimir operator of the adjoint representation of 
SU(N). The Casimir C(r) is defined by 


Tr|TET?] = C(r)6® , (2.143) 


with C(G) = N in the adjoint representation; C ([2]) = (N + 2)/2 and C([1?]) = (N — 2)/2 
for symmetric and antisymmetric representations, respectively. 

The key difference between the runnings of the two SU(4) gauge couplings lies in the 
Higgs contributions. We can introduce the adjoint representation Higgs of SU(4)ps to 
break such gauge symmetry into SU(3)c x U(1)gB_r. Similarly, in our case, the SU(4)w 
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gauge symmetry is broken by the adjoint Higgs field ©. We can extend the Higgs field A 
as representation (10,10) of SU(4)ps x SU(4)w. The matter field X,Y lie in (4,4) and 
(4, 4*) representations respectively which give identical contributions to both SU(4) gauge 
coupling runnings. Suppose the couplings are unified at the mass scale My, from 


dof) _ pulag) 


= 2.144 
dln u = Dee ( ) 
d(ai”) ps(a4”) 
=b 2.14 
dln u i 2m ( o 
we obtain 
1 1 pPs _ pw 2 
EN E E i E ee (2.146) 
ay? (u?) arle’) 27 My 3x Mu 


Given the symmetry breaking pattern, we can predict sin @,, at weak scale through renor- 


malization group running. 


3. Renormalization group running of gauge couplings 


We now discuss the renormalization group running of the gauge couplings in different 
scenarios, including the orbifold breaking cases and the pure four-dimensional model with 
the Higgs mechanism. We use the inputs 


Mz = 91.1876 + 0.0021 , (3.1) 

sin? 6,,(Mz) = 0.2312 + 0.0002 , (3.2) 
az} (Mz) = 127.906 + 0.019 , (3.3) 
a3(M,) = 0.1187 + 0.0020. (3.4) 


From the electroweak theory we get the couplings at scale Mz 


Qem(Mz) 
Mz) = = 3.5 
on (Mz) cos? fw oP) 
M 
aa(Mz) = az) . (3.6) 
sin’ Âw 
g2 
Mr) = 2 3.7 
As ( z) An ( ) 
The renormalization group running of the gauge couplings reads: 
d Qi = b; 2 
a a (3.8) 


At the scale of the SU(2)r gauge boson mass Mp, the left-right SU(3)c¢ x SU(2)z x 
SU(2)r x U(1)B-L symmetry breaks into the standard model gauge groups. From the 
symmetry breaking chain and the kinematic terms we write, we know the relation 


1 1 1 1 


pS a a E (3.9) 
- gr GR IBL 


e 


Then we can get the coupling gg-z at the scale Mp. 
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3.1 Beta functions in five-dimensional orbifold 


We calculate the beta functions for SU (2)r (gL = gr at scale Mp) in orbifold breaking sce- 
nario. The difference of matter spectrum between inner and outer automorphism orbifold 
breakings lies in the fact that there is no U(1)z in outer automorphism orbifold breaking 
scenario. As we know, the left-right symmetry guarantees that the two gauge couplings are 
the same at the energy scale Mr. So in the outer-automorphism orbifold breaking case, 
the unification scale, which depends only on the compactification scale 1/R, can be much 
lower than in the inner automorphism orbifold breaking. Here we only discuss the gauge 
coupling unification in the inner automorphism case. 
The SU(2)pr coupling at scale E is given by 


a6) = a E im (MA) — 225mm (22) oye — 2) 


27 3 E an 3 <= ER R 
k 
1 2n+1 2n+1 
——2 l E-— A 
EE (Aaa) OB, (3.10) 
where O(x) is the step function defined as 
1 x>0 
0 = = i 3.11 
@) 0 «<0 cn 


The U(1)z coupling at scale E is 


a'(B) = ao (Mr) + => m (=) T ae (=) oE- =) 
n=1 


k 
1 2n+1 2n+1 
7 ( ER Jew- R Ja (3.12) 


We anticipate that the unification of the two gauge couplings occurs not too high above 
the compactification scale 1/R due to the fact that more and more KK modes give contri- 
butions. An example is shown in Fig. |I| for fixed values of Mpg and az(Mp). 


3.2 Unification of SU(4)ps with SU(4)w 


We now discuss the unification of the four-color SU(4) pg with SU (4)w in four dimensions. 
When U(1)g-z is embedded into the SU (4)ps group, the charge should be normalized 
according to SU (4) generator as 


1 1 2 
sYeur=| Ë, = o (3.13) 


From the relation 


1 
j ee 9B-L5YB-1 » (3.14) 
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Figure 1: The gauge coupling unification in the inner automorphism orbifold breaking case. The 

lower and upper curves are the running of the couplings of U(1)z and SU(2)r, respectively. 


we get the normalization factor 


6 
JB-L = Wa i (3.15) 


We know that at low energy SU(4)pg is broken into SU (3)c x U(1)g-z. Here we assume 
that this step is accomplished through the VEV of the SU(4)pg adjoint Higgs field 9. 
They naturally acquire masses of order of the breaking scale. Besides, we know from 
previous discussions that the symmetric Higgs field A, which carries the U(1)g_, charge 
2, is used to break the SU(2)r XU (1)g-L. So to unify U (1)g-z with SU (3)c into SU(4) ps, 
the symmetric Higgs A must be extended to the SU(4) ps representation. According to the 
two SU (4), the matter content is X (3, 4). @L (1,4)_, = (4,4) and Y (3, 4)_10N (1,4), = 
(4,4); while the scalar parts given by ®(1,15), A(1,10) extend to (10,10) and (1,15). 
There are two possibilities for the symmetry breaking chain: 


(1) In most cases, we are interested in the case that the partial unification SU(4)w at 
scale M, ud is not too high. Interestingly, the four-color SU (4) ps breaking scale M, E a 
can also be around MẸ because the SU(4)pgs gauge bosons will not generate the 
proton decay. After SU(4)pg is broken down to SU(3)c x U(1)p_1z, the symmet- 
ric Higgs (10,10) is decomposed into the representations in SU(3)c¢ and SU (4)w): 
(10,10) = (6, 10)2 ® (1,10)_2 @ (3, 10)_2. We know from the cross mixing terms 
in the most general Higgs potential that these Higgs fields acquire masses of order 
MẸ S except that we fine-tune the symmetric Higgs field A(1, 10) to be of the order 
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of the right handed gauge boson mass Mp. We can also possibly tune the masses of 
the Higgs fields (3, 10)_2 and (6, 10)2 to be of the order MY. Then only the adjoint 


Higgs Xə masses are at order MẸ 9; 


(2) The other possibility is to decompose the symmetric Higgs according to SU(2)z x 
SU(2)r x U(1)z as (10,10) = (10, 3,1); © (10, 1, 3)_1 ® (10, 2, 2)o if MẸ is higher 
than MẸ S. Due to the cross mixing terms, the relevant Higgs fields also acquire 
masses of order M7? scale. We can also fine tune these Higgs masses to be of order 
MẸ S so that they may be included in the most general Higgs potential in SU (4) ps 
symmetry broken. 


In both cases, we require the mirror fermion masses at order Mr. Higgs boson from 
® have masses of order Mọ and are integrated out at scale Mr. So at the threshold scale 
Mr, the Higgs boson content contains (i) the SU(2); triplet and SU(2)p triplet from A, 
(ii) the SU(2); and SU(2)r adjoint representation from ©, and (iii) two bi-doublets (2, 2) 
under SU (2)z x SU(2)r from X and one from A. 

In case of MẸ < Mg S the matter content at the threshold Mọ contains the adjoint 
Higgs X; and ®, the symmetric Higgs A, and possibly (3, 10)_2 and (6, 10)2. If MẸ” < 
Mọ, the matter content at the threshold Mg S contains those at Mp and possibly the 
(10,3, 1);,(10,1,3)_, and (10, 2, 2)o. 

So we get the beta functions for each coupling: 


e For Mz < E < Mp, the U(1)y, SU(2),, SU(3)c beta-functions are given by 


41 19 


(b1, b2,b3) = (5-4-7) . (3.16) 


e For Mr < E < My, the U(1)z,U(1)B-z, SU (2) = SU (2)r, SU (3)c beta functions 


are given by 


31 
(bo, b1, b2, b3) = (=. 13,3, -3) , (3.17) 


where My = min( Mọ, MẸ”). If the symmetry breaking chain is MẸ < E < MẸ”, 
the U(1)s-z, SU (3)c, SU (4)w beta-functions are 

(b1, b2,b3) = (13, —3, —3) , (3.18) 
or 

(b1, b2,b3) = (18, 7,6) , (3.19) 


if we take into account the scalar (3, 10)_2 and (6, 10)2 at My. If the symmetry 
breaking chain is MẸS < E < MẸ, the U(1)z,SU(2), = SU(2)r, SU (4)ps beta 
functions are 


31 16 
bo, 61, b2) = | —, 3, —— 2 
( 0; V71; 2) ( 3 9; 3 ) , (3 0) 
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Table 3: SU(4)w unification scale MẸ (GeV) for various values of Mr and az(Mp) in four 
dimensions. ”No” means no such a unification (the fourth color unification may occur first). Here 
we assume no intermediate states between MẸ and Mp, which occurs for MẸ < MẸ ae 


keg | oo [wo oY 


or 


(bo, bi, bo) = (Z. 13, =) , (3.21) 


if we take into account the scalar (10,3, 1), (10,1,3)_1 and (10, 2, 2)o. 


e For My < E, the SU(4)w and SU (4)ps beta functions are 


(b1, b2) = (6 =) (3.22) 


where M? = max( MẸ, Mé*). 


In Table [3] we show the SU (4)w unification scale MẸ for various values of Mp and az(Mp) 
in four dimensions. 


4. Phenomenology discussions 


If we use the five-dimensional orbifold boundary conditions to break the gauge group, the 
matter content at low energy scale is almost same as in the minimal left-right model. The 
mirror fermions are projected out and do not appear in the low energy effective theory. If 
the space-time compactification scale 1/R is relatively low, different KK modes will have 
various quantum corrections. However, in this case the Landau poles will appear at low 
energy for some gauge couplings. So we assume the compactification scale is not too low. 
Therefore, the phenomenology in orbifold breaking scenario will be almost the same as in 
the left-right model, which has already been studied in detail in the literature. 

So we concentrate on the four-dimensional case for phenomenology discussions. In this 
scenario the phenomenology is also quite similar to the minimal left-right model except that 
our unification scenario at low energy predicts the mixing between the SM fermions and 
the heavy mirror fermions. As discussed previously, such mixings are independent of the 
generation and do not alter the CKM matrix between different generations. However, the 
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CKM matrix is defined through the left-handed charged currents (strictly speaking, due to 
the left-right mixing of charged gauge bosons, the CKM matrix of the SM is defined as the 
coupling between lower mass eigenstates of left-handed fermions and the lower mass SU (2) 


charged gauge boson), and thus is not unitary.Besides,the mirror fermions can be heavy 


enough to avoid the bounds by precision tests in LEP and Tevatron. In the following 


we briefly discuss some phenomenology which is beyond the predictions of the minimal 
left-right models. 


(1) 


Ky, — Kg mass difference: One of the most stringent constraints may come from the 
Kr — Kg mass difference. From the expression of the SU(2) charged currents we 
can get the leading effective operators that contribute to Kz — Kg mixing from Wy" 
exchange: 


O1 = SLYpALSLYLdL - (4.1) 


From the leading order amplitudes we can get the following effective Hamilton for 
Ky, — Kg mixing 


be G a 
AS=2 _ F 42.3. Ngee 
Ay = a ma Le A EAD 5 (4.2) 
where 3; = N;,Nis with Nij denoting the CKM mixing for left-handed fermions, a1 
is defined from the SU(2) charged current and given by 


ar = [(U)u (PM cos¢ + (U)i2(P*)1 cos¢] , (4.3) 
and C (r;,r;) is defined as 


Uais S iy (4.4) 
1 r?lnr; 


f(ri) = fon er (4.5) 


with r; = m?/m},,. Note that the effective Hamilton differs from the SM constribu- 


tion by an additional factor af. 


Due to the mixing between the new mirror fermions and the SM fermions, there 
are new additional contributions illustrated in Fig. |2| besides those in the minimal 
SU (2), xSU(2)rxU(1)p_1 left-right model. So the experimental data of Kr — Ks 
mixing will constrain the masses and mixings of the mirror fermions. 


Contributions to the neutron electric dipole moment dy, through Wz — Wp mixing 
and fermion mixing [23]. Our model contributes to df, at one-loop level which differs 
greatly from the SM in which the non-vanishing contributions arise at three-loop level. 
The contributions also differ from the minimal left-right model due to the mixing 
between the standard fermions and heavy mirror fermions. So df may stringently 
constrain the parameter space of our model. 
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Figure 2: Typical additional new diagrams that contribute to Kz — Ks mixing besides that of 
minimal left-right model. 


(3) 


Constraints from the new gauge bosons Z’. From the mass matrix of the neutral gauge 
bosons, we can find that there are two additional Z’ gauge bosons. The experiment 
constraints on Z’ will constrain the parameter space of our model. 


Constraints from b—>s + y. The decay b—s + y is sensitive to new physics. In our 
scenario, as discussed in the vector-type couplings, b—>s + y is still vanishing at tree- 
level. At loop level, due to the various mixings in gauge boson sector and the fermion 
sector, there are various new contributions. So bs +y may constrain the parameter 
space of our model. 


Dirac neutrino and CP violation in lepton sector. In our model it is possible for the 
Higgs field A to acquire VEVs which also give heavy Majorana mass for the neutral 
components of the new heavy fermions. In this case, through the see-saw mechanism, 
the additional neutrinos can acquire light masses. So there are totally six kinds of 
light neutrino species in this scenario. It,is well known that the number of neutrino 
species is strictly constrained by the Big Bang Nucleosythesis (BBN) (Bal. Although 
the non-standard BBN limit on the number of neutrino species is relaxed to seven 
Pd], we restrain to consider the case with only three light neutrinos, as we discussed 
previously. We know from previous discussions that in lepton sector we give heavy 
Majorana masses only for the standard model neutrinos and not for the new types of 
neutrinos. In the heavy lepton sector we have heavy Dirac neutrinos, which can be 
pair produced through Z gauge boson at the LHC or ILC, and also we have CKM-like 
matrix which may be measurable through some CP-violating process. 


Tree-level FCNC in mirror fermion sector. In the sector of the heavy mirror fermions, 
there are tree-level FCNC interactions, which can induce various FCNC processes at 
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the LHC. Such FCNC processes can be used to constrain the mixing angles like ¢; 
which appear in the mixing between the standard model fermions and new fermions. 


5. Conclusions 


Left-right model is proposed to explain the parity asymmetry in Standard Model. To un- 
derstand the origin of left-right symmetry, we studied an partial unification model based 
on SU(4)wxU(1)s_—z which can break to the minimal left-right model either through the 
Higgs mechanism in four dimensions or through orbifolding in five dimensions,especially 
we propose to use the rank reducing outer automorphism orbifolding breaking mechanism. 
We scrutinized all these breaking mechanisms and found that for the orbifold breaking in 
five dimensions, the rank-reducing outer automorphism is better than the inner automor- 
phism and can make the low energy theory free of the U(1)z anomaly.It is possible for the 
outer automorphism orbifolding breaking mechanism to be non-anomalous without Chern- 
Simons terms and new localized fermions.For the four-dimensional model with the Higgs 
mechanism, we studied in great detail both its structure and its typical phenomenology. It 
turns out that this four-dimensional scenario may predict some new phenomenology since 
the new mirror fermions (which are introduced in order to fill the SM fermions into SU (4)w 
without anomaly) are preserved at low energy scale with mixing with the SM fermions. 
We also examined the running and the unification of the gauge couplings in each case, and 
discussed the possibility for unifying this partial unification group with SU(4) pg to realize 
a grand unification. 
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